Lumbar spondylolysis can heal with conservative treatment, but few attempts have been made to identify factors which may affect union of the defects in the pars. We have evaluated, retrospectively, the effects of prognostic variables on bony union of pars defects in 134 young patients less than 18 years of age with 239 defects of the pars who had been treated conservatively. All patients were evaluated by CT scans when first seen and more than six months later at follow-up.
Lumbar spondylolysis can heal with conservative treatment, but few attempts have been made to identify factors which may affect union of the defects in the pars. We have evaluated, retrospectively, the effects of prognostic variables on bony union of pars defects in 134 young patients less than 18 years of age with 239 defects of the pars who had been treated conservatively. All patients were evaluated by CT scans when first seen and more than six months later at follow-up.
The results showed that the spinal level and the stage of the defects were the predominant factors. The site of the defects in the pars, the presence or development of spondylolisthesis, the condition of the contralateral pars, the degree of lumbar lordosis and the degree of lumbar inclination all significantly affected union.
Spondylolysis is seen frequently in growing children. Wiltse, Widell and Jackson 1 demonstrated that in most patients isthmic spondylolysis was due to a fatigue fracture of the pars interarticularis as a result of repeated trauma, and many others have supported this view. [2] [3] [4] [5] [6] [7] [8] [9] [10] Most affected children and adolescents can participate in sports even if their defects in the pars have not healed, but they are at an increased risk of developing endplate lesions and subsequent vertebral deformities, including wedging or slipping of the involved vertebra. 3, 6, [11] [12] [13] [14] [15] These complications can be avoided by obtaining bony union of the defects. A number of studies have reported successful union, but have indicated that the response to conservative treatment varies considerably. 5, 6, 11, 16 Although the aetiology of the pars defects has been studied, only a few attempts have been made to identify the factors such as age, the type of defect, timely and correct bracing, the presence of spina bifida, lumbar lordosis, and other aetiological variables which influence the union of the defects. 10, [17] [18] [19] No significantly associated factors have been identified. 11, 16 In a previous study, we found a significant correlation between the stage of the defect and successful bony union, 6 which, as determined by plain radiographs, occurred in 73% of early stage defects, 39% of progressive defects and in none in the terminal stage. Plain radiographs cannot detect the defect accurately because the angle or site of the defect in the pars interarticularis is not consistent. Further analysis of patients with defects was necessary to accurately determine the prognostic factors for successful bony union.
Patients and Methods
We have reviewed retrospectively the clinical records and radiological investigations of 134 patients diagnosed with lumbar spondylolysis. All were examined by plain radiographs and CT scans when first seen and when followed up more than six months later. Their age at the first presentation ranged from seven to 17 years (mean, 13.8). There were 109 boys and 25 girls. The sports in which they were active are listed in Table I . The mean age when they had started a sport was 9.4 ± 2.3 years for the 115 patients whose age was recorded (Table I) . They played sport for 1.5 to 5.3 hours each day and on two to seven days each week (Table  I) . They also played at least one game a week during the season.
Defects were present at L4 in 20 patients and at L5 in 114. Bilateral defects were observed in 105 patients and unilateral defects in 29. In total, we studied 239 defects. We included patients who were followed for less than two years. The mean duration of followup of 121 patients ranged from one to 9.8 years (average, 3.4). There were 13 patients who were followed-up for less than 12 months. They had no disabling low back pain or any evidence of union of the defects and, subsequently, did not require treatment.
CT images were obtained using the reverse-gantry angles on the plane parallel to the pars interarticularis. 6 The images were taken at 1200 to 2200 window width and 150 to 220 window level with slices 2 mm thick and at 2 mm intervals.
We classified pars defects into an early, progressive or terminal stage based on plain radiographs according to previously reported criteria, 6 which were also used to analyse CT findings (Fig. 1) . 20 An early defect was defined as a fissure in the pars. In the progressive stage, the defect was still narrow, but its edge was round. If the defect was wide and sclerosis was observed, it was considered to be in the terminal stage. We assessed that union of the defect had occurred when the gap had disappeared and trabeculation through the pars was observed. In patients with bony union, callus formation was usually not detected on plain radiographs and only fuzziness of the defect was observed at the three-month follow-up. By six months the defect had disappeared on plain radiographs, but trabeculation was not complete on CT. It took nearly 12 months for complete union to be confirmed by CT.
The maturity of the lumbar spine was classified into the cartilaginous, apophyseal and epiphyseal stage according to our previously reported criteria, based on the appearance of the secondary ossification centre of the cranio-anterior edge of the third lumbar vertebral body on plain lateral radiographs.
14 Treatment. Patients were asked to discontinue their sporting activities and to wear a Damen corset for at least three months. They were encouraged to undertake isometric exercises to maintain and strengthen the trunk muscles. Once pain had subsided, they were gradually mobilised and carried out isotonic exercises of the trunk muscles. At threemonth follow-up, they were advised not to play sport for another three months if the radiographs showed signs of union of the defects. If the defects became worse, or there was no sign of union, patients were allowed to go back to their previous activities provided that their pain had decreased and their trunk muscles were stronger. When Table I . The types of sports played, the age at which the patients started playing and the number of hours per week spent playing for the 134 children with pars defects of the lumbar spine union of the defects was confirmed on radiographs or by CT, they were advised to start sport wearing a lumbosacral support to restrict lumbar extension.
Sports

Number of patients
6
Factors examined. Factors that might influence union of the pars defect were examined. They were divided into groups local to the pars interarticularis and the lumbosacral spine and those which were systemic. Local factors (Table II) included the vertebral level of the defect, the stage of the defect on CT at the first presentation, the presence of spondylolisthesis with more than 5% slip, the distance of the defect from the posterior margin of the vertebral body and the angle of the defect to the posterior margin of the vertebral body (Fig. 2) . 20 The lumbosacral factors (Table   III) included wedging of the affected vertebra measured as the lumbar index, the angle of lumbar lordosis, the angle of lumbar inclination and the presence of spinal bifida occulta in the affected vertebra (Fig. 3) . 21 Radiographs of 14 defects proved inadequate for the measurement of the angle of lumbar lordosis. The chronological age and the lumbar skeletal age were considered as systemic factors (Table IV) .
The chi-squared test, the Mann-Whitney U test, the unpaired Student's t-test, the analysis of variance and Scheffe's F test for post hoc testing were used for statistical analysis, and p values of <0.05 were considered to indicate statistical significance. 
Results
Comparison of the characteristics at the first presentation between patients with healed defects and those which remained are summarised in Tables II to IV . Since the vertebral level was one of the factors that significantly affected union of the pars defect, we also examined the union of defects by the vertebral level.
Pars interarticularis factors (local factors).
As shown in Table  II , the number of unions of early defects was significantly higher than that in the progressive or terminal stages (p < 0.0001). None of the latter united. The proportion of defects at L4 which achieved union was significantly higher than that for defects at L5 (p < 0.0001). The proportion of defects without contralateral defects or with contralateral early stage defects which achieved union was significantly higher than that for those with contralateral progressive or terminal stage defects (p < 0.001). Union occurred less often in the presence of a spondylolisthesis greater than 5% at the first presentation than in those without (p < 0.01).
Neither the angle nor the site of the early and progressive defects was significantly different between the union and nonunion groups. The occurrence of union of the defects of the pars in each subgroup is shown in Figure 4 . Lumbosacral factors. Neither the presence of spina bifida in the affected vertebra nor the degree of wedging of the fifth lumbar vertebra affected the union and nonunion groups (Table III) . The angle of lumbar lordosis in the union group was significantly less than that in the nonunion group (p < 0.05). The angle of lumbar inclination of the affected vertebrae in the subgroups with early and progressive stage defects was significantly greater in those which united than in those which did not (p < 0.0001). Systemic factors. The chronological age of the patients when first seen did not differ between the two groups (Table  IV) . Bony union of the defects was achieved more often in the lumbar spine in the apophyseal stage (22.3%) than in The proportion of pars defects which achieved union, the skeletal level and the stage and the laterality of the defects. The number of progressive stage defects was also small. There was no significant difference in the stage of the contralateral pars defect (early, 3 of 4; progressive, 2 of 6), the angle of lumbar lordosis (union, 21.4˚; nonunion, 21.4˚), the presence of spina bifida (with, 0 of 1; without, 5 of 9) or the presence of spondylolisthesis (with, 0 of 2; without, 5 of 8) between the two groups, except for the chronological age at the first presentation (union, 16.1 years; nonunion, 13.4 years; p < 0.05). Defects of the pars at L5. Union was achieved in 8.8% of defects at L5 (Table II) . The proportion of unions was significantly higher (p < 0.0001) for early stage defects (14 of 31) than for progressive defects (4 of 93).
A significant difference was observed in the angle of the lumbar lordosis between patients with and without union (union, 16.7˚; nonunion, 23.9˚; p < 0.05) among the early stage defects at L5. The distance of the defect from the posterior margin of the vertebra was greater in patients without union than in patients with union, but the difference was not significant (union, 0.427; nonunion, 0.544; p = 0.06). No significant differences between the two groups were observed with regard to chronological age at the first presentation (union, 13.8 years; nonunion, 14.9 years), the angle of lumbar inclination (union, 79.9˚; nonunion, 76.2˚), the presence of spina bifida (with, 4 of 5; without, 10 of 26), the presence of spondylolisthesis (with, 0 of 2; without, 14 of 29) or the angle of the defect (union, 10.2˚; nonunion, 17.7˚). None of three early stage defects with contralateral terminal stage defects at L5 showed union, while six of 13 defects without contralateral defects and eight of 15 defects with contralateral early or progressive stage defects healed. Although not significant, the status of the contralateral pars interarticularis tended to affect the union of the defects.
For patients with progressive stage defects at L5, the distance of the defect from the posterior margin of the vertebral body differed significantly between patients with and without union (union, 0.413; nonunion, 0.553; p < 0.05). Other factors including the chronological age at the first presentation (union, 13.2 years; nonunion, 13.6 years), the angle of lumbar lordosis (union, 13.5˚; nonunion, 24.5˚), the angle of lumbar inclination (union, 81.3˚; nonunion, 77.0˚), the presence of spina bifida (with, 1 of 22; without, 3 of 71), the presence of spondylolisthesis (with, 0 of 26; without, 4 of 67) and the angle of the defect (union, 17.9˚; nonunion, 15.6˚) showed no correlation with the occurrence of union. The number of unions of defects with contralateral early stage defects was significantly higher than those with contralateral progressive (p < 0.01) or terminal stage (p < 0.05) lesions (no defect, 1 of 8; early, 2 of 9; progressive, 1 of 55; terminal, 0 of 22).
Lumbar skeletal age and the development or progression of spondylolisthesis. The percentage of vertebra without spondylolisthesis at the time of follow-up increased in relation to the lumbar skeletal age at the initial presentation so that the risk of development of or increase in the degree of spondylolisthesis was greater in the immature lumbosacral spine (p < 0.05, Table V ). The ratio of union was significantly higher in defects where spondylolisthesis had not been observed at the first presentation or at the follow-up as compared to the other groups (Table VI) . Only two defects healed when spondylolisthesis was noted at the first presentation without changing during follow-up, and none healed when the slip became worse.
Discussion
We attempted to identify the radiological variables which may influence the success of union of the defects using CT images to evaluate the pars interarticularis precisely. The stage of the defect was the most predominant predictor of a successful union. The reaction around the defect is one of the most important factors for union. However, movement in the pars interarticularis can also contribute. The instantaneous axis of rotation of the functional spinal units has been reported to shift cranially if degeneration of the intervertebral disc is present in adults. 22 In adolescent patients with pars defects whose disc degeneration is minimal, this axis moved to the proximal vertebra in the presence of a progressive or terminal stage defect, it stayed in the disc space with an intact pars or early stage defect. 20, 23 The pars interarticularis is elongated if the defect is in the progressive or terminal stage, which is not the case in the pars with an early stage defect. 6 The structural continuity of the pars in the early stage defect may keep the kinematics of the functional spinal unit normal and increase the incidence of bony union.
We also identified five other significant factors: 1) the vertebral level of the defect; 2) the degree of lumbar lordosis; 3) slipping of the affected vertebra; 4) the site of the defect in the neural arch; and 5) the condition of the contralateral pars interarticularis. These factors influenced each other (Table VII) .
The proportion of unions of defects at L4 was significantly higher than at L5. Difficulties in union of the defects in the early or progressive stage at L5 were significantly associated with the degree of lumbar inclination on radiographs taken in the standing position. A similar relationship was found between the angle of the lumbar lordosis and the difficulties in union of the early stage defects at L5. A study showed that the load on the facet joints was significantly greater at the L5-S1 facets than the L4-5 facets in the lumbar spine under axial compression; the load became greater as the lordotic curvature increased. 24 The further load to the L5-S1 facet joints could cause separation of the pars defects which would interfere with bony union. Similar effects occur when the lumbar lordosis increases.
We also found that the site of the defect in the pars was important for the prediction of bony union, since healed defects in the progressive stage at L5 were significantly closer to the vertebral body than unhealed defects. Spina bifida and delayed development of the posterior structure of the lumbosacral spine have been advocated as aetiological and prognostic factors, but were not found to be significant in this study. 25 The results seemed to be consistent with a previous report which showed that impairment of the development of the posterior structures was secondary to the occurrence of the defects. 26 Although the defects in the cartilaginous stage of the lumbar spine might have a higher potential for union, the proportion of unions was lower than that for defects in the apophyseal stage. A clinical study on spondylolisthesis showed that a slip occurred in the cartilaginous and the apophyseal stage, but not in the epiphyseal stage, and occurred at the vertebral endplate, as demonstrated by MRI.
14,27 These findings were supported by a series of experimental studies. Biomechanical investigation showed that the vertebral endplate is the weakest link of the functional spinal unit in the spine of the immature calf, and that the strength of the growth plate against anterior shearing forces depends on skeletal maturity. 15, 28, 29 A histological study using a rat model showed that the disruption of the growth plate occurred after posterior destabilisation. 30 The higher occurrence of spondylolisthesis seemed to reflect the lower rate of the union of the defects of the pars in the lumbar spine in the cartilaginous stage.
Our treatment of early stage defects at L4 appeared to be adequate for achieving union of the defects since 17 of 19 of this stage healed. The outcome, however, was only fair for progressive stage defects at L4 and early stage defects at L5. The likelihood of union of the progressive defects at L5 was less than 5%. Since early or progressive stage defects and defects in the cartilaginous stage of the lumbar spine may still have a potential for bony union, rigid immobilisation with decreased lumbar lordosis or other methods of treatment should be considered.
Early detection of the defects will also improve the outcome. Quantitative single-photon emission CT or MRI can provide important information for early detection or union of the pars defect, but progress of the union or morphological changes of the defect cannot be evaluated by these means. 
